During evolution in an aerobic environment, multicellular organisms survived by adaptive responses to both the endogenous oxidative metabolism in the cells of the organism and the chemicals and low-level radiation to which they had been exposed. The defense repertoire exists at all levels of the biological hierarchy-from the molecular and biochemical level to the cellular and tissue level to the organ and organ system level. Cells contain preventive antioxidants to suppress oxidative damage to membranes. Cells also contain proteins and DNA; built-in redundancies for damaged molecules and organelles; tightly coupled redox systems; pools of reductants; antioxidants; DNA repair mechanisms and sensitive sensor molecules such as nuclear factor kappa beta; and signal transduction mechanisms affecting both transcription and post-translational modification of proteins needed to cope with oxidative stress. The biologic consequences of the low-level radiation that exceeds the background level of oxidative damage could be necrosis or apoptosis, cell proliferation, or cell differentiation. These effects are triggered by oxidative stress-induced signal transduction mechanisms-an epigenetic, not genotoxic, process. If the end points of cell proliferation, differentiation, or cell death are not seen at frequencies above background levels in an organism, it is unlikely that low-level radiation would play a role in the multistep processes of chronic diseases such as cancer. The mechanism linked to homeostatic regulation of proliferation and adaptive functions in a multicellular organism could provide protection of any one cell receiving deposited energy by the radiation tract through the sharing of reductants and by triggering apoptosis of target stem cells. Examples of the role of gap junctional intercellular communication in the adaptive response of cells and the bystander effect illustrate how the interaction of cells can modulate the effect of radiation on the single cell.
the biological and social sciences, points out the need for new concepts of medical practice, and suggests directions for closer contact between science and ethics. Further development of the systems view may yield significant results, both practical and theoretical (1) .
One of the most difficult scientific iand social/political issues to resolve today is: What are the biologic and health consequences to the human being and to society after low level exposures to radiation and toxic chemicals? Given that direct scientific data cannot provide the answers to these questions, many assumptions and extrapolated experimental and epidemiologic data currently are being used to derive various risk-assessment models. However, because our current understanding of the cowplex nature of the interactions of genetics, development, sex, diet, lifestyle, drug, and environmental pollutant factors intm the induction of various chronic somatic diseases as well as hereditary diseases, it seems that the relevance of the risk-assessment models is scientifically questionable.
To derive a more biologically based risk-assessment model we will examine some of the relevant fundamental concepts in the evolution of multicellular organisms as related to the induction of various diseases by radiation and chemical toxicants. Life originated in a hostile environment. As primitive life forms evolved they did so in the presence of potentially harmful tadiation and chemical toxicants. Ironically, humans as a species and as individuals evolved in an environment basically hostile to its very existence.
From the single fertilized egg through sexual maturation and reproduction to aging and death, the human being is not just approximately 100 trillion individual cells but a tightly orchestrated collection of different cell types (pluripotent stem cells, committed progenitor cells, and terminally differentiated cells) organized into tissues, organs, and organ systems and regulated by a cybernetic feedback of positive and negative signals (1, 2) . The normal external environment where this evolution, existence, survival, and reproductive success occurs contains a background level of both radiation and chemical toxicants.
For most organisms including humans, the energy for life is derived in an oxygenated atmosphere by oxidative metabolism that produces many potentially lethal reactive oxygen species (ROS) (2, 3 (6) . The transition of the single-cell organism to the multicellular organism was accompanied by differentiation of cell types, which led to the development of various tissues, organs, and organ systems. In other words organization of single cells into collections of cells allowed the emergence of new protective and repair mechanisms at the cellular, tissue, organ, and system levels not found in the single cellular organism. Whereas the single-cell organism survived by its ability to proliferate, the multicellular organism survived and proliferated (e.g., in wound healing and redundancy of cells in tissues) by having differentiated functions and structures at all system levels and with adaptive responses of the genome to stress-induced signal transduction mechanisms (7) (8) (9) (10) .
Homeostatic control of cell proliferation, differentiation, and adaptive response of differentiated cells in multicellular organisms is dependent on three forms of communication: extra junctional, intra junctional, and gap junctional intercellular communication (GJIC) (11) (Figure 1 ). Whereas single-cell organisms respond to extracellular signals that trigger various intracellular signals (signal transducing mechanisms), the multicellular organism has the additional ability to homeostatically control cells coupled together by the membrane-associated protein channel gap junction (12, 13) . It is through gap junction channels that ions and lowmolecular-weight molecules can freely pass, thereby allowing an equilibration of regulatory ions and molecules (14) . Gap junctions can serve as sinks or point sources for critical cellular molecules (15) .
The absence of gap junctions in singlecell organisms, and their presence in multicellular organisms, coincides with the evolutionary difference in the abilities of unicellular and multicellular organisms to survive and adapt. Specifically it has been speculated that the emergence of higher order biologic levels of cellular organization (e.g., tissues, organs, organ systems) and their homeostatic control of cell proliferation, differentiation, development, wound repair, and adaptive responses of differentiated cells was dependent on the appearance of the gap junction gene (16) . In other words, the evolution of differentiation was causally related to the evolution of the gap junction gene. A family of highly evolutionarily conserved gap junction genes has been identified (13) . Strong circumstantial evidence links the presence of functional gap junctions with growth control and differentiation (12) .
If these gap junctions do play a major role in homeostatic regulation of cells in a multicellular organism and if homeostasis is the mechanism regulating health of the organism, then the question of risks with low-level exposures to various toxicants must involve an examination of how low-level exposures might affect GJIC-dependent homeostasis (17, 18 (22) , then using in vitro genotoxicity assays without recognizing these confounding influences will lead to misleading risk assessments.
The impact of radiation or chemicals must exceed a background level to which the cells, tissues, organs, and organism normally have evolved and developed. Natural oxidative metabolism for life and natural exposures to background levels of radiations and toxicants in all environments create the noise levels that set the natural life span and disease spectra for each species. Artificial experimental control of the normal dietary habits of rodents, for example via caloric restriction, can dramatically affect both life span and disease spectra (23, 24) . If lowlevel exposure to particular radiations or chemical toxicants does not induce molecular events that exceed background levels in a multicellular organism, the biological risk will be canceled out by the normal risks of living.
The chain of events within the cell after exposure to low levels of radiation and chemicals permits oxidative reactions to occur. If such events exceed the normal capacity of the cell to quench these chemical reactions, a number of signal transduction mechanisms can be triggered (18, 19) . Depending on the type, cycle, and cell proliferative state (apoptosis or necrosis), differentiation or adaptive responses are possible biologic consequences of oxidative stressinduced signal transduction. With oxidative stress and the biologic response of the cell in a multicellular organism, both transcriptional and post-translational modification of gene expression (25) (26) (27) (28) and modulation of GJIC can occur (29, 30) .
The prevailing paradigm assumes that all biologic consequences of low-level exposures to radiation and toxic chemicals are genotoxic because at higher doses these same agents can induce genetic damage in some cases (linear-no threshold dose-response model). However, current evidence indicates epigenetic mechanisms are induced by these agents. Ultraviolet ionizing radiation and chemical mutagens and carcinogens can induce gene expression (8, (31) (32) (33) (34) (35) , modulate cell-cell communication (36, 37) , cause apoptosis without DNA damage (38) , and effect transformation in vitro (39) (47) .
Recognizing that universal acceptance of each of these views of carcinogenesis is not a given [see stem cell theory vs the theory of dedifferentiation (48)], we assume that weight of the evidence gives substantial credibility to each theory but that no one theory can explain all of the empirical evidence related to the carcinogenic process or cancer phenotypes. Therefore, assuming each of the aforementioned theories is based on solid empirical and experimental data with regard to either the phenotypes of cancer cells or the carcinogenic process, it seems that GJIC could be the integrating factor that ties all of these incomplete theories together.
The carcinogenic process appears to involve the evolution of a pluripotent stem cell, which has the ability to terminally differentiate and proliferate and maintain its stemness, into a cell that starts to differentiate but is partially blocked during the differentiation process (Figure 2 ). This block might be considered the initiation phase. That is, the first step of the carcinogenic process prevents the mortalization or terminal differentiation of a stem cell (49) . The concept runs counter to the prevailing idea that the early step of carcinogenesis involves the immortalization of a normal mortal cell (50 (52) .
During the evolution of the initiated cell to a malignant, invasive, and metastatic tumor, the cells of the tumor acquire the phenotypes of malignancy (12, 53 The stemlike cells must be mitotically regulated, and in the case of cells from solid tissues they must have GJIC. Immortal stemlike cells have been prevented from mortalizing or terminally differentiating by the initiation process. If the given carcinogen is unable to stably initiate cells (i.e., it is not a genotoxicant or mutagen) but is able to bring about the selective proliferation of the initiated cell, then the carcinogen acts as a tumor promoter by triggering a signal-transducing pathway in cells after the carcinogen exceeds a threshold or background level. The organism or initiated cell must be exposed to the promoting condition in a sustained fashion for a long period of time in the absence of antipromoting agents. If a given carcinogen can convert a preexisting benign tumor cell to become stably independent of exogenous or endogenous promoters such that the cell no longer has functional GJIC then the agent can be considered a progressor. Mutagens probably would be initiators. Epigenetic agents would be considered promoters and antipromoters depending on whether they downor upregulate GJIC. Conceivably both mutagens and epigenetic agents that could bring about the stable downregulation of GJIC would be progressors. With genetic, developmental, and sex-related factors as potential modulators of how diet, workplace, lifestyle, and pollutants affect each of the phases of carcinogenesis, it is impossible to predict accurately on an individual basis the risk associated with exposure to any given agent. Moreover, realistically, as exposure is never by a single agent, additivity, antagonisms, or synergisms of effects could occur (80, 81 At the cellular level there is evidence that the adaptive response is mediated by GJIC (84) . Older literature provides observations that cells irradiated in spheroids are more radioresistant than those in two-dimensional contact inhibited environments or in sparse in vitro conditions (17) . As antioxidants such as glutathione can pass through gap junctions (85, 86) , and because glutathione status of cells has been correlated with radiation and drug sensitivity (29, 30, (87) (88) (89) (36, 37, 76) . In other words, a multicellular organism must be exposed to a high enough level of the nongenotoxicant before the agent will act as a tumor promoter. The same agents at the cellular level also exhibit threshold levels before they modulate GJIC or kill cells (36, 90) . The significance of this is that just because one can detect some molecular and biochemical or even cellular response to a potentially toxic physical agent at a low level, it does not necessarily follow that there will be a biologic or disease consequence. In other words below the threshold levels at which nongenotoxic cytotoxicants can kill cells or epigenetic agents can modulate GJIC, the cell will restore the redox state and various cybernetic systems will bring the cell back to ground state. Clearly each chemical of this class has its own unique threshold at which it can modulate GJIC or kill cells (e.g., TPA, DDT, saccharin) and the species or cell type will respond differently to the same chemical. Moreover, to complicate the discussion but put these generalizations into biologic context, mixtures of this dass of nongenotoxic chemicals can either exhibit additive, antagonistic, or synergistic interactions at both the cellular and whole-organism level (80, 81, 91) .
Usually a sustained chronic exposure to nongenotoxic chemicals at threshold levels and above must be maintained in order for the appearance of a disease state such as cancer to manifest itself (79) . Exceptions to this generalization would be the acute exposure to a threshold level of a given nongenotoxic agent or to a mixture of nongenotoxicants at a critical period of embryonic or fetal development (92) . Alteration of the adaptive function of differentiated cells by nongenotoxic agents at critical times in organogenesis and development could lead to teratogenesis (90, 92, 93) . Implicit in the use of the term low-level exposure is the idea that the adaptive trigger must be that which exceeds the background level of oxidative metabolic and oxidative stress of the cells of the organism, but not high enough to cause negative consequences to the cell or organisms. The exact dose and the timing between the adaptive exposure and the subsequent damaging dose appear to depend on the system being studied. It is possible that a low dose of ionizing radiation could induce transcription of genes needed to protect the cells from subsequent exposure to higher doses by inducing an increment of oxidative stress above normal background levels. It is possible that the induction of antioxidants, reductants, or cell-cycle checkpoint inhibitors to facilitate time for DNA repair could provide a mechanism to explain some of the reported adaptive responses. GJIC has been proposed as a mediator of the adaptive response (94). Ishii and Watanabe (84) reported recently that GJIC appears necessary to see an adaptive response after X-ray exposure.
In summary the absorption of radiation's energy by molecules in stem, progenitor, and terminally differentiated cells in a multicellular organism must overcome multiple barriers built into cells, tissues, organs, and organ systems in order to alter homeostatic control of cell proliferation, differentiation, wound healing, apoptosis, and adaptive responses of differentiated cells. If the frequency of these end points exceeds the normal background levels in specific tissues after exposure, particularly in normal and/or initiated stem cells, such exposure could result in disease.
